Observation of the decay B 0 s → φπ + π − and evidence for B 0 → φπ + π −
Introduction
The decays B 0 s → φπ + π − and B 0 → φπ + π − have not been observed before. They are examples of decays that are dominated by contributions from flavour changing neutral currents (FCNC), which provide a sensitive probe for the effect of physics beyond the Standard Model because their amplitudes are described by loop (or penguin) diagrams where new particles may enter [1] . A well-known example of this type of decay is B There is also a significant S-wave π + π − contribution in the high-mass region 1350 < m(π + π − ) < 1600 MeV/c 2 . The branching fractions for both the inclusive and exclusive decays are determined with respect to the normalisation mode B 0 s → φφ. This mode has a very similar topology and a larger branching fraction, which has been measured by the LHCb collaboration [7] to be B(B 0 s → φφ) = [1.84 ± 0.05 ± 0.07 ± 0.11 ± 0.12] × 10 −5 , where the uncertainties are respectively statistical, systematic, from the fragmentation function f s /f d giving the ratio of B 0 s to B 0 production at the LHC, and from the measurement of the branching fraction of B 0 → φK * 0 at the B factories [8, 9] .
Detector and software
The LHCb detector [10, 11] is a single-arm forward spectrometer covering the pseudorapidity range 2 < η < 5. It is designed for the study of particles containing b or c quarks, which are produced preferentially as pairs at small angles with respect to the beam axis. The detector includes a high-precision tracking system consisting of a silicon-strip vertex detector surrounding the pp interaction region, a large-area silicon-strip 1 Unless otherwise stated, ρ 0 represents the ρ(770) 0 , K * 0 represents the K * (892) 0 , φ represents the φ(1020), and charge-conjugate decays are implied throughout this paper. tracker located upstream of a dipole magnet with a bending power of about 4 Tm, and three stations of silicon-strip trackers and straw drift tubes placed downstream of the magnet. The tracking system provides a measurement of charged particle momenta with a relative uncertainty that varies from 0.5% at 5 GeV/c to 1.0% at 200 GeV/c. The minimum distance of a track to a primary pp interaction vertex (PV), the impact parameter (IP), is measured with a resolution of (15 + 29/p T ) µm, where p T is the component of the momentum transverse to the beam, in GeV/c. Different types of charged hadrons are distinguished using information from two ring-imaging Cherenkov detectors. Photon, electron and hadron candidates are identified by a calorimeter system consisting of scintillating-pad and preshower detectors, an electromagnetic calorimeter and a hadronic calorimeter. Muons are identified by a system composed of alternating layers of iron and multiwire proportional chambers. The trigger [12] consists of a hardware stage, based on information from the calorimeter and muon systems, followed by a software stage, which applies a full event reconstruction. The software trigger requires a two-, three-or four-track secondary vertex with a significant displacement from an associated PV. At least one charged particle must have a transverse momentum p T > 1.7 GeV/c and be inconsistent with originating from the PV. A multivariate algorithm [13] is used for the identification of secondary vertices consistent with the decay of a b hadron into charged hadrons. In addition, an algorithm is used that identifies inclusive φ → K + K − production at a secondary vertex, without requiring a decay consistent with a b hadron.
In the simulation, pp collisions are generated using Pythia 6 [14] with a specific LHCb configuration [15] . Decays of hadronic particles are described by EvtGen [16] , in which final-state radiation is generated using Photos [17] . The interaction of the generated particles with the detector and its response are implemented using the Geant4 toolkit [18] as described in Ref. [19] .
Selection
The offline selection of candidates consists of two parts. First, a selection with loose criteria is performed that reduces the combinatorial background as well as removing some specific backgrounds from other exclusive b-hadron decay modes. In a second stage a multivariate method is applied to further reduce the combinatorial background and improve the signal significance.
The selection starts from well-reconstructed particles that traverse the entire spectrometer and have p T > 500 MeV/c. Spurious tracks created by the reconstruction are suppressed using a neural network trained to discriminate between these and real particles. A large track IP with respect to any PV is required, consistent with the track coming from a displaced secondary decay vertex. The information provided by the ring-imaging Cherenkov detectors is combined with information from the tracking system to select charged particles consistent with being a kaon, pion or proton. Tracks that are identified as muons are removed at this stage.
Pairs of oppositely charged kaons that originate from a common vertex are combined to form a φ meson candidate. The transverse momentum of the φ meson is required to be larger than 0.9 GeV/c and the invariant mass to be within 10 MeV/c 2 of the known value [2] . Similarly, pairs of oppositely charged pions are combined if they form a common vertex and if the transverse momentum of the π + π − system is larger than 1 GeV/c. For this analysis, the invariant mass of the pion pair is required to be in the range 400 < m(π + π − ) < 1600 MeV/c 2 , below the charm threshold. this efficiency is reduced to 84% by the larger impact of the φK * 0 veto. In the second stage of the selection a boosted decision tree (BDT) [20, 21] is employed to further reduce the combinatorial background. This makes use of twelve variables related to the kinematics of the B meson candidate and its decay products, particle identification for the kaon candidates and the B decay vertex displacement from the PV. It is trained using half of both the simulated signal sample and the background events from the data in the range 5450 < m(K + K − π + π − ) < 5600 MeV/c 2 , and validated using the other half of each sample. For a signal efficiency of 90% the BDT has a background rejection of 99%.
A sample of B 0 s → φφ candidates has been selected using the same methods as for the signal modes, apart from the particle identification criteria and the m(K + K − ) mass window for the second φ meson, and without the φK * 0 veto. The BDT deliberately does not include particle identification for the pion candidates, because this part of the selection is different between the signal mode and the B 0 s → φφ normalisation mode. For the signal mode a tighter selection is made on the pion identification as part of a two-dimensional optimisation together with the BDT output. The figure of merit (FOM) used to maximise the discovery potential for a new signal is [22] ,
where ε S is the signal efficiency evaluated using the simulation and B is the number of background candidates expected within a 50 MeV/c 2 window about the B 0 s mass. The optimised selection on the BDT output and the pion identification has a signal efficiency ε S = 0.846.
Invariant mass fit
The yields for the inclusive B 0 s → φπ + π − and B 0 → φπ + π − signals are determined from a fit to the invariant 
After the veto the contribution from B 0 → φK * 0 can also be neglected. The line shapes for the B 0 s → φπ + π − signal and B 0 s → φφ normalisation mode are determined using simulated events, and parameterised by a sum of two Gaussian functions with a common mean and different widths. In the fits to data the means and widths of the narrow Gaussians for the B 0 s modes are fitted, but the relative widths and fractions of the broader Gaussians relative to the narrow ones are taken from the simulation. The mean and width of the B 0 signal shape are scaled down from B 0 s → φπ + π − to account for the mass difference [2], and to correct for a slight modification of the B 0 shape due to the φK * 0 veto. The combinatorial background is modelled by an exponential function with a slope that is a free parameter in the fit to the data. Figure 2 shows the result of the extended unbinned maximum likelihood fit to the m(
s and B 0 yields are 697 ± 30 and 131 ± 17 events, respectively, and the fit has a chi-squared per degree of freedom, χ 2 /ndf, of 0.87. Figure 3 shows the m(
s → φφ normalisation mode, with a fit using a sum of two Gaussians for the B 0 s signal shape. There are 2424 ± 51 events above a very low combinatorial background. Backgrounds from other decay modes are negligible with this selection.
To study the properties of the B 0 s → φπ + π − signal events, the combinatorial background and B 0 contribution are subtracted using the sPlot method [23] . The results of the invariant mass fit are used to assign to each event a signal weight that factorizes out the signal part of the sample from the other contributions. These weights can then be used to project out other kinematic properties of the signal, provided that these properties are uncorrelated with m( 
Amplitude Analysis
There are several resonances that can decay into a π + π − final state in the region 400 < m(π + π − ) < 1600 MeV/c 2 . These are listed in Table 1 together with the mass models used to describe them and the source of the model parameters.
2 To study the resonant contributions, an amplitude analysis is performed using an unbinned maximum likelihood fit to the m(π + π − ) mass and decay angle distributions of the B weights are taken into account in determining the uncertainties on the fitted amplitudes and phases. Three decay angles are defined in the transversity basis as illustrated in Fig. 5 , where θ 1 is the π + π − helicity angle between the π + direction in the π + π − rest frame and the π + π − direction in the B rest frame, θ 2 is the K + K − helicity angle between the K + direction in the φ rest frame and the φ direction in the B rest frame, and Φ is the acoplanarity angle between the π + π − system and the φ meson decay planes. The LHCb detector geometry and the kinematic selections on the final state particles lead to detection efficiencies that vary as a function of m(π + π − ) and the decay angles. This is studied using simulated signal events, and is parameterised by a four-dimensional function using Legendre polynomials, taking into account the correlations between the variables. Figure 6 shows the projections of the detection efficiency and the function used to describe it. There is a significant drop of efficiency at cos θ 1 = ±1, a smaller reduction of efficiency for cos θ 2 = ±1, a flat efficiency in Φ, and a monotonic efficiency increase with m(π + π − ). This efficiency dependence is included in the amplitude fits. The decay rate for the mass range m(π + π − ) < 1100 MeV/c 2 can be described primarily by the S-wave and P-wave π + π − contributions from the f 0 (980) and ρ mesons. The S-wave contribution is parameterised by a single amplitude A S . For the P-wave there are three separate amplitudes A 0 , A ⊥ and A from the possible spin configurations of the final state vector mesons. The amplitudes A j , where j = (0, ⊥, , S), are complex and can be written as |A j |e iδ j . By convention, the phase δ S is chosen to be zero. In the region m(π + π − ) > 1100 MeV/c 2 the differential decay rate requires additional contributions from the D-wave f 2 (1270) meson and other possible resonances at higher mass.
The total differential decay rate is given by the square of the sum of the amplitudes. It can be written as The individual terms i = 1 to i = 6 come from the S-wave and P-wave π + π − amplitudes associated with the f 0 (980) and ρ, and the terms i = 7 to i = 12 come from the D-wave amplitudes associated with the f 2 (1270). See the text for definitions of T i , f i and M i , and for a discussion of the interference terms omitted from this table.
where the T i are either squares of the amplitudes A j or interference terms between them, f i are decay angle distributions, M i are resonant π + π − mass distributions and dΩ 4 is the phase-space element for four-body decays. The detailed forms of these functions are given in Table 2 can also be chosen to be zero. The fit neglects the interference terms between P and D-waves, and the P-wave-only interference term (i = 4 in Table 2 ), which are all found to be small when included in the fit. This leaves only a single P-wave phase δ ⊥ and two D-wave phases δ 1270 and δ 1270 0 to be fitted for these three resonant contributions.
Several amplitude fits have been performed including different resonant contributions. All fits include the f 0 (980) and f 2 (1270) resonances. The high-mass region 1350 < m(π + π − ) < 1600 MeV/c 2 has been modelled by either an S-wave or a D-wave π + π − contribution, where the masses and widths of these contributions are determined by the fits, but the shapes are constrained to be Breit-Wigner functions. In each case the respective terms in Table 2 from f 0 (980) or f 2 (1270) have to be duplicated for the higher resonance. For the higher S-wave contribution this introduces one new amplitude A 1500 S and phase δ 1500 S , and there is an additional interference term between the two S-wave resonances. For the higher D-wave contribution f 2 (1430) there are three new amplitudes and phases, and several interference terms between the two D-wave resonances. A contribution from the P-wave ρ(1450) has also been considered, but is found to be negligible and is not included in the final fit. The fit quality has been assessed using a binned χ 2 calculation based on the projected cos θ 1 , cos θ 2 and m(π + π − ) distributions. In the high-mass region the best fit uses an S-wave component with a fitted mass and width of 1427 ± 7 MeV/c 2 and 143 ± 17 MeV/c 2 , hereafter referred to as the f 0 (1500) for convenience. The mass is lower than the accepted value of 1504 ± 6 MeV/c 2 for the f 0 (1500) [2] . It is also lower than the equivalent S-wave component in B In the low-mass region m(π + π − ) < 900 MeV/c 2 the effect of adding a contribution from the ρ is studied. The ρ contribution significantly improves the fit quality and has a statistical significance of 4.5σ, estimated by running pseudo-experiments. A contribution from the f 0 (500) has been considered as part of the systematics. The preferred fit, including the ρ, f 0 (980), f 2 (1270) and f 0 (1500), has χ 2 /ndf = 34/20. Removing the ρ increases this to χ 2 /ndf = 53/24, and replacing the S-wave f 0 (1500) with a D-wave f 2 (1430) increases it to χ 2 /ndf = 78/16. The projections of the preferred fit, including the ρ, f 0 (980), f 2 (1270) and f 0 (1500), are shown in Fig. 7 . The fitted amplitudes and phases are given in Table 3 . From Fig. 7 it can be seen that the low numbers of observed candidates in the regions | cos θ 1 | > 0.8 and | cos θ 2 | < 0.4 require a large S-wave π + π − contribution, and smaller P-wave and D-wave contributions.
To convert the fitted amplitudes into fractional contributions from different resonances they need to be first summed over the different polarisations and then squared. Interference terms between the resonances are small, but not completely negligible. When calculating the fit fractions and event yields, the interference terms are included in the total yield but not in the individual resonance yields. As a consequence, the sum of the fractions is not 100%. Table 4 gives the fit fractions and the corresponding event yields for the resonant 
Determination of branching fractions
The branching fractions are determined using the relationship
The signal yields N (φπ + π − ) for the inclusive modes are taken from the fit to the Fig. 2 , and for the normalisation mode N (φφ) is taken 
Resonance
Fit fractions % Event yields contribution without ρ with ρ without ρ with ρ ρ -7.1 ± 1.5 -50 ± 11 f 0 (980) 39.5 ± 2.9 35.6 ± 4.3 274 ± 23 247 ± 31 f 2 (1270) 23.5 ± 2.7 15.1 ± 3.2 163 ± 20 112 ± 23 f 0 (1500) 26.5 ± 2.2 34.7 ± 3.4 184 ± 17 241 ± 26 from the fit to the Fig. 3 . The factor f P = (93 ± 4)% corrects for the difference in the fitted S-wave The remaining 1.5 × 10 −6 of the inclusive B 0 s branching fraction is mostly accounted for by an S-wave contribution in the region 1350 − 1600 MeV/c 2 as discussed in the previous section.
Systematic uncertainties
Many systematic effects cancel in the ratio of efficiencies between the signal and normalisation modes. The remaining systematic uncertainties in the determination of the branching fractions come from replacing the π + π − pair with a second φ meson decaying to two kaons. The systematic uncertainties are summarised in Table 6 . Table 5 : Selection efficiencies for the signal and normalisation modes in %, as determined from simulated event samples. Here "Initial selection" refers to a loose set of requirements on the four tracks forming the B candidate. The "Offline selection" includes the charm and φK * 0 vetoes, as well as the BDT. Angular acceptance and decay time refer to corrections made for the incorrect modelling of these distributions in the inclusive and B 0 s → φf 0 (980) simulated event samples. The trigger selection has a different performance for the B 0 s → φπ + π − signal and for the B 0 s → φφ normalisation mode due to the different kinematics of the final state hadrons. The simulation of the trigger does not reproduce this difference accurately for hadronic decays, and a D 0 → K − π + control sample, collected with a minimum bias trigger, is used to evaluate corrections to the trigger efficiencies between the simulation and the data. These are applied as per-event reweightings of the simulation as a function of track p T , particle type K or π, and magnetic field orientation. For both the signal and normalisation modes there are large corrections of ≈ 30%, but they almost completely cancel in the ratio, leaving a systematic uncertainty of 0.5% from this source.
Another aspect of the detector efficiency that is not accurately modelled by the simulation is hadronic interactions in the detector. A sample of simulated B 0 → J/ψ K * 0 events is used to determine the fraction of kaons and pions that interact within the detector as a function of their momentum. On average this varies from 11% for K + to 15% for π − . These numbers are then scaled up to account for additional material in the detector compared to the simulation. The effect partly cancels in the ratio of the signal and normalisation modes leaving a 0.5% systematic uncertainty from this source.
The offline selection efficiency has an uncertainty coming from the performance of the multivariate BDT. This has been studied by varying the selection on the B 0 s → φφ normalisation mode, and extracting the shapes of the input variables from data using the sPlot technique. The distributions agree quite well between simulation and data, but there are small differences. When these are propagated to the signal modes they lead to a reduction in the BDT efficiency. Again the effect partially cancels in the ratio leaving a systematic uncertainty of 2.3%.
The offline selection also has an uncertainty coming from the different particle identification criteria used for the π + π − in the signal and the K + K − from the second φ in the normalisation mode. Corrections between simulation and data are studied using calibration samples, with kaons and pions binned in p T , η and number of tracks in the event. There is an uncertainty of 0.1% from the size of the calibration samples. Using different binning schemes for the corrections leads to a slightly higher estimate for the systematic uncertainty of 0.3%. The decay time acceptance of the detector falls off rapidly at short decay times due to the requirement that the tracks are consistent with coming from a secondary vertex. For B 0 s decays the decay time distribution is modelled by the flavour-specific lifetime, but it should be modelled by a combination of the heavy and light mass eigenstates, depending on the decay mode. A systematic uncertainty of 1.1% is found when replacing the flavourspecific lifetime by the lifetime of the heavy eigenstate and determining the change in the decay time acceptance. There is no effect on B 0 decays or on the normalisation mode where the lifetime is modelled according to the published measurements.
The The results of the amplitude analysis for the exclusive B 0 s decays depend on the set of input resonances that are used. The effect of including the ρ 0 is treated as a systematic uncertainty on the f 0 (980) and f 2 (1270) yields (see Table 4 ). The effect of adding either an f 0 (500) or a ρ(1450) is treated as a systematic uncertainty on all the exclusive modes.
The difference between the S-wave K + K − components in the signal and normalisation modes is measured to be (7.1 ± 4.0)% from fits to the K + K − mass distributions. The uncertainty on this is treated as part of the statistical error. However, the S-wave component of the signal sample was not included in the amplitude analysis where it would give a flat distribution in cos θ 2 . A study of the dependence of the S-wave
does not indicate a significant variation, and the statistical uncertainty of 6% from this study is taken as a systematic uncertainty on the yields of the exclusive modes extracted from the amplitude analysis.
Summary and conclusions
This paper reports the first observation of the inclusive decay B 0 s → φπ + π − . The branching fraction in the mass range 400 < m(π + π − ) < 1600 MeV/c 2 is measured to be
where the first uncertainty is statistical, the second is systematic, and the third is due to the normalisation mode B 0 s → φφ. Evidence is also seen for the inclusive decay B 0 → φπ + π − with a statistical significance of 7.7σ, which is reduced to 4.5σ after taking into account the systematic uncertainties on the signal yield. The branching fraction in the mass range 400 < m(
An amplitude analysis is used to separate out exclusive contributions to the B There is also a contribution from higher mass S-wave π + π − states in the region 1350 − 1600 MeV/c 2 , which could be ascribed to a linear superposition of the f 0 (1370) and the f 0 (1500). There is 4σ evidence for the decay B With more data coming from the LHC it will be possible to further investigate the exclusive decays, perform an amplitude analysis of the B 0 decays, and eventually make measurements of time-dependent CP violation that are complementary to the measurements already made in the B 0 s → φφ decay. 
